TP0658 (FliW) and its orthologs, conserved proteins of unknown function in Treponema pallidum and other species, interact with a C-terminal region of flagellin (FlaB1-3 in T. pallidum; FliC in most other species). Mutants of orthologs in Bacillus subtilis and Campylobacter jejuni (yviF, CJ1075) showed strongly reduced motility. TP0658 stabilizes flagellin in a way similar to FliS, suggesting that TP0658 is a conserved assembly factor for the bacterial flagellum.
The motility of most bacterial species depends on the proper function of the flagellar apparatus. At least 50 proteins are required for its assembly and function (15) .
In order to identify new components of the bacterial flagellar apparatus and their relationships, we tested all ϳ1,000 open reading frames (ORFs) of Treponema pallidum for proteinprotein interactions with the FliC homologs FlaB1, FlaB2, and FlaB3 (4) by systematic yeast two-hybrid assays. T. pallidum was chosen as a model for this systematic protein interaction analysis because of its limited genome size (8) and the availability of an ORFeome, that is, a complete set of cloned ORFs (8, 16) .
TP0658 interacts with flagellin proteins. First, all T. pallidum ORFs were cloned into yeast two-hybrid prey and bait vectors (pLP-GADT7 [Clontech] and pLP-GBKT7Amp, a derivative of pLP-GBKT7 [Clontech] with kanamycin resistance replaced by ampicillin resistance; pUniD entry and prey clones were kindly provided by T. Palzkill (16) . The prey plasmids were converted into an array and screened with FliC homologs FlaB1, FlaB2, and FlaB3, as described by Cagney et al. (3) . Surprisingly, screens with the three T. pallidum FliC homologs, FlaB1-3 (TP0868, TP0792, and TP0870), resulted in 24 different positives, among which one protein, TP0658 (FliW), was a widely conserved but uncharacterized protein of unknown function ( Table 1 ). The TP0658-flagellin interactions were highly specific because TP0658 was found only with the three flagellin baits but with none of several hundred other bait proteins we have screened (B. Titz et al., unpublished data). The TP0658-flagellin interaction could be also verified by using an overlay assay: flagellins of T. pallidum were tagged with a hemagglutinin (HA) peptide (YPYDVPDYA) and expressed in Escherichia coli (Tables 2 and 3) , and lysates were gel separated and blotted onto a polyvinylidene difluoride membrane. The membrane was blocked and then incubated with 25 nM purified glutathione S-transferase (GST)-TP0658 fusion protein or 25 nM GST control protein, and the bound proteins were detected with either anti-GST or anti-HA antibodies (G1160 pallidum-TP0868 (FlaB1), TP0792 (FlaB2), and TP0870 (FlaB3)-were expressed in E. coli BL21(DE3) cells and the total lysate was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane. The membrane was blocked and then incubated with 25 nM purified GST-TP0658 fusion protein (left panel) or 25 nM GST control protein (right panel). Detection of bound GST-protein (anti-GST antibody G1160; Sigma-Aldrich) and HA-tagged proteins (anti-HA antibody HA.11; Covance Research Products) was done by using standard Western blotting procedures. The proteins TP0567 and TP0711 are randomly chosen negative controls to exclude the nonspecific binding of TP0658. Probing with anti-HA (middle panel) and anti-GST antibodies (right panel) served as controls for expression levels and nonspecific binding, respectively. (B) HA-tagged flagellin proteins of T. pallidum (TP0792, TP0868, and TP0870) and B. subtilis (Hag and YvzB) were expressed in E. coli and tested for protein interactions with GST-tagged YviF (GST-yviF) in an overlay assay. The protein TP0567 was included as negative control. Probing with anti-HA and GST alone served as controls for expression levels and nonspecific binding, respectively. (C) Lysates of a B. subtilis wild-type strain (168) and of hag, motA, and flgM mutants (Table 2) were tested for proteins interacting with GST-yviF in an overlay assay. The molecular mass of the bands shown corresponds to Hag (ϳ31 kDa); total (t) and soluble (s) extracts are shown.
[Sigma-Aldrich, Germany], HA.11 [Covance Research Products, California]). Indeed, all three flagellin interactions of TP0658 could be verified in vitro by using this overlay assay (Fig. 1A) .
The interaction is conserved in Bacillus subtilis. To test whether the protein interactions of TP0658 are conserved, we tested its ortholog in B. subtilis, YviF, with the two flagellin proteins of B. subtilis, Hag and YvzB. Hag is the full-length flagellin protein of B. subtilis, whereas YvzB represents an N terminally truncated form of unknown function. We PCR amplified the yviF gene from B. subtilis genomic DNA and expressed it as a GST fusion. The hag and yvzB genes of Bacillus subtilis were HA tagged by cloning them into the pHB-HA3 vector. The interactions between pHB-HA3-hag, pHB-HA3-yvzB, and GST-yviF were tested as described previously using an overlay assay that clearly showed that YviF interacts with both B. subtilis flagellin proteins (Fig. 1B) . In addition, YviF binds to all three flagellin proteins of T. pallidum, suggesting that the interaction epitope is highly conserved even among distantly related species (Fig. 1B) . Moreover, the interaction between YviF and Hag could be confirmed in an overlay assay using different B. subtilis deletion strains (Fig. 1C) .
TP0658 and FliS bind to similar epitopes of flagellin. Since the structure of flagellin is known (19), we mapped the TP0658 interaction epitope of the flagellin protein to get structural insight into the function of this interaction. First, we tested the systematic truncations of TP0868 (FlaB1) for the binding of GST-TP0658 in an overlay assay. Specific fragments of TP0868 were expressed as HA fusions (in vector pHB-HA3) and tested for GST-TP0658 binding. This overlay assay showed that TP0658 interacts with an epitope within the C-terminal 55 amino acids of TP0868 (L 231 -C terminus) ( Fig. 2A and B ). An interaction with the C-terminal half of flagellin is also supported by the interaction of yviF with the N-terminally truncated flagellin, yvzB (Fig. 1B) , which is naturally lacking the region homologous to the first 110 amino acids of TP0868 ( Fig.  2A) . Strikingly, the TP0658 interaction epitope of FlaB1 is similar to the FliS-binding site in FliC: FliS binds to the Cterminal 40 amino acids of Salmonella enterica serovar Typhimurium flagellin-the region implicated in the polymerization of flagellin (17) . For a more detailed characterization of the interaction epitope, we synthesized the amino acid sequence of the C-terminal binding domain of TP0868 as overlapping 15-mer peptides on a cellulose membrane by using an automated spot synthesizer (7) (MultiPep, Intavis, Germany) and then probed them with GST-TP0658 (using the same conditions as in the overlay experiments). GST-TP0658 interacted with peptides that correspond to the sequence between L 231 and D 247 c The bait count represents the number of unique baits a prey has been found with and thereby indicates nonspecific binding (numbers are based on 450 baits screened). For example, TP0005 has been found with 10 different baits, including TP0870.
d Species names given after the prey description indicate the source of annotation for these proteins. *, TP0658 is most likely not a membrane protein since it is fairly well soluble (the misleading annotation appears to stem from a hydrophobic sequence in the middle of the protein).
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NOTES 7701 of TP0868 ( Fig. 2A and C) . A peptide comprising the interaction epitope sequence (VGL 231 DIAAENLQAAESRIRD 247 ) was also able to inhibit the binding of TP0658 to all three T. pallidum flagellin proteins (Fig. 2D) . In order to identify amino acids crucial for binding, we then systematically replaced each position of the previously identified peptide (V 229 GLDIAAE NLQAAESRIRD 247 ) with alanine and tested the resulting peptides for binding, showing that I 233 and N 237 of the previously identified interaction epitope are crucial for binding in this assay (Fig. 2E) . For additional verification, the corre- Fig. 2A) , N 247 NLSASGENLTA AESRIRD 265 in B. subtilis Hag was replaced by an HA tag sequence. In a second construct, pUniD-hag-N255A, the asparagine residue at position 255 of Hag was replaced by alanine. This residue corresponds to N 237 in TP0868 and was found to be crucial for TP0658 binding in the SPOT analysis; the second residue crucial for binding in the SPOT analysis, I 233 , is naturally exchanged by alanine in Hag, and it is assumed to have either a species-specific relevance or an indirect effect on binding by influencing the peptide's conformation in the spot analysis. Strikingly, an overlay of the two mutant proteins (in pHB-HA3) with GST-yviF showed the complete loss of binding (Fig. 2F) , confirming the essentiality of Asn 255 (Asn 237 in TP0868) and demonstrating the evolutionary conservation of the interaction epitope in both T. pallidum and B. subtilis proteins. yviF is required for motility. A functional involvement of yviF in bacterial motility was tested by using a B. subtilis yviF deletion mutant. The ⌬yviF strain was created by specific integration of a phleomycin-upp cassette into the yviF locus as described by Fabret et al. (6) . The ⌬yviF mutant showed a strong reduction of motility in a swarming assay (on LB plates with 0.25% agar) (Fig. 3) . As expected, only IPTG (isopropyl-␤-D-thiogalactopyranoside)-induced expression of yviF from a plasmid (pDG-yviF [11] ) could rescue the motility phenotype, clearly proving that the reduced motility is due to the lack of the yviF gene in the ⌬yviF mutant.
A FliS mutant in E. coli could not be rescued by expressing TP0658 (data not shown). This suggests that the functions of the two proteins are not identical or that species-specific differences prevented a successful rescue.
TP0658 and its orthologs are new assembly factors of the flagellum. Based on the similar interaction pattern of FliS and TP0658/yviF, both of which interact with the C terminus of flagellin (the region involved in the polymerization of flagellin), we hypothesized that TP0658/yviF might be a novel assembly factor for flagellin proteins. In fact, the deletion of yviF leads to a strong reduction in the amount of flagellin protein detected in B. subtilis cells (Fig. 4A) ; this is probably due to an inhibition of flagellin incorporation into the nascent filament and subsequent degradation. Strikingly, TP0658 appears to stabilize FlaB1 (TP0868) when coexpressed in E. coli from the vectors pEGST and pAC28 (12) , respectively (Fig. 4B) . Notably, the stabilization does not lead to solubilization of flagellin; possible explanations are a protective effect of TP0658 against proteases (as seen for FliS (17) or an involvement of TP0658 in a membrane (basal body complex)-associated assembly mechanism as proposed for the secretin pilot protein MxiM (see below) (13) .
Recently, the structure of BH3618, the Bacillus halodurans ortholog of TP0658, was determined by a Structural Genomics Project (PDB code 2AJ7). A type three secretion system (TTSS) component related to BH3618 by its somewhat similar structure is MxiM (PDB code LY9T), a secretin pilot protein functioning as an assembly factor in the periplasmic space. MxiM is thought to support the assembly of the MxiD polymer directly at the outer membrane by means of its interaction with the C-terminal part of its substrate MxiD. However, the evolutionary and functional relationships between BH3618 and MxiM need to be studied in more detail.
Conclusions. Although two previous screens (10, 18) indicated a role of the TP0658 family of proteins in motility, neither was sufficient on its own to justify a reannotation of the protein. Here we provide additional evidence and synthesize all available information into a model that supports the classification of a whole cluster of orthologous genes (COG1699) as a novel family of flagellar assembly factors.
In summary, (i) TP0658/CJ1075 mutants have a motility defect (Fig. 3) (10) , (ii) TP0658/yviF are located in flagellar operons, (iii) TP0658/yviF/CJ1075/HP1154/HP1377 bind to flagellin (18; R. Finley, unpublished data), (iv) both TP0658 and FliS bind to the C-terminal part of flagellin which is implicated in polymerization, and (v) TP0658/yviF stabilizes flagellin. TP0658 and its function thus seems to be widely conserved in bacteria (Fig. 5) .
The molecular details of TP0658 activity remain unclear but are reminiscent of type III secretion chaperones such as Hag and HA-yviF were detected by a GST-yviF overlay and anti-HA antibodies, respectively. Wild-type (WT) and ⌬yviF cells carrying an empty plasmid, pDG148-Stu (ϩV) or the yviF expression plasmid, pDG-yviF (ϩyviF), are compared. Flagellin can only be detected when yviF is present. (B) His-tagged TP0868 (FlaB1) and GST-tagged TP0658 (or GST) were coexpressed in E. coli. The expression was done overnight, relying on the basal expression levels of both constructs to obtain physiological more relevant expression levels. Total (t) and soluble (s) lysates were tested for the presence of protein. TP0868 (FlaB1) can only be detected when TP0658 is present; coexpression of TP0658 thus leads to TP0868 stabilization. Please note that stabilized TP0868 is not found in the soluble fraction, e.g., supporting a stabilization at the membrane (see the text).
the export chaperone FliS in S. enterica serovar Typhimurium (1, 17) . FliS binds to flagellin at the same epitope as TP0658 and appears to stabilize flagellin. However, since TP0658 also occurs in genomes with FliS (Fig. 5) , it remains to be investigated whether these assembly factors act cooperatively or independently. B.T. is a fellow of the Studienstiftung des deutschen Volkes. This project was supported by DFG grant Ue50/4-1 to P.U.
ADDENDUM IN PROOF
After consulting various experts we suggest renaming TP0658 and its orthologs FliW, reflecting its close genomic association with other fli genes as well as its association with the flagellar filament. Note that "W" appears to be the last available letter for the fli genes.
